Abstract: A 1.31/1.55 µm multimode interference based wavelength demultiplexer aided by computer-generated planar holograms is proposed. The device length is not limited to the common multiples of the beat lengths for the two wavelengths. The demultiplexer length is chosen as the first selfimaging length for 1.55 µm input, and a computer-generated holographic pattern is used to image the 1.31 µm input to the cross output port. The design and optimization of the holographic pattern is presented. The device performance is investigated using the beam propagation method.
Introduction
Wavelength division multiplexing (WDM) is a key technology in optical fiber communication systems [1] . In WDM transmission systems, wavelength multiplexers/demultiplexers play essential roles in combining/separating information carried by different wavelengths. Of particular interests to optical telecommunications are the 1.31 µm and 1.55 µm windows. In fiber-to-the-home (FTTH) services, these two windows are used to carry data/voice and video, respectively [2] . Several integrated optical devices have been proposed or demonstrated for the demultiplexing of 1.31 and 1.55 µm wavelengths. Devices based on the application of multimode interference (MMI) phenomenon [3] are particularly attractive because of their large fabrication tolerance, low loss, and compact size [4] .
In the past, several groups [5, 6] have demonstrated wavelength demultiplexers for the 1.31 and 1.55 µm based on MMI. The operation of these MMI based demultiplexers relies on the self-imaging (SI) effect in multimode waveguides [3] . The SI length is wavelength dependent, and two wavelengths can be separated if the device length is at the direct image length for one wavelength while at the mirror image length for the other. As a result, the device length needs to be a common multiple of the beat lengths for the two wavelengths [7] , which could result in a long device length. To achieve a shorter device length, careful selection of device width and length through numerical simulations is required [6] . For a particular material platform, the available device geometry in terms of width and lengths is thus restricted. A MMI based multiplexer/demultiplexer with fewer restrictions on its geometry would be desirable in terms of design freedom.
Recently, planar optical waveguide devices with computer calculated refractive index distributions have received a lot of attention [8] [9] [10] . The ability to design and fabricate these index perturbation on optical waveguides has opened up new possibilities in designing functional devices that are no longer limited by the traditional device geometries. In the past, we have proposed a class of devices using computer-generated planar holograms (CGPHs) on multimode waveguides to perform various functionalities [11] [12] [13] [14] [15] . These CGPHs are multiplexed long-period gratings that couple and transform the guided modes of the multimode waveguides. In this letter, we propose a 1.31/1.55 µm wavelength demultiplexer using CGPH on MMI devices. The design and optimization procedure of the CGPH is presented, and the device performance is investigated with numerical simulations. Figure 1 shows the operation schematic of the CGPH aided MMI wavelength demultiplexer. Two wavelengths, 1.31 and 1.55 µm, coupled into the input port are demultiplexed to the cross and bar output ports. For a conventional MMI, the length L of the multimode section needs to be a common multiple of the beat lengths for these two wavelengths such that the MMI is in cross and bar states at 1.31 and 1.55 µm, respectively. The beat length L π,λ is related to the waveguide effective width W e and the operating wavelength λ as 
Principle of operation
where n e is the core effective index. As shown in ref [5] , specific ratios of the beat lengths can be used to reduce L. For the CGPH aided MMI wavelength demultiplexer, we choose an arbitrary waveguide width W, and the waveguide length L is chosen as the first self-imaging length for 1.55 µm as shown by beam propagation method (BPM) simulation in Fig. 2 (a). For the BPM simulations, we employ a polymer ridge waveguide structure described in the next section. Since W is chosen arbitrarily, L does not correspond to a mirror image length at 1.31 µm [ Fig. 2(b) ]. We show in the next section that, with a properly designed CGPH on the MMI, the 1.31 µm input can be imaged to the cross output port. As will be explained in the next section, the wavelengths 1.31 and 1.55 µm are sufficiently separated such that the CGPH designed at 1.31 µm has little or no effect at 1.55 µm, as a result, the 1.55 µm wavelength still images to the bar output port. The two wavelengths can thus be demultiplexed. Next, we use a specific example to explain the design and optimization of the CGPH. 
CGPH design
We choose a polymer ridge waveguide structure for the BPM simulations. The design parameters are chosen as follows: 3 µm thick SiO 2 on a Si wafer is used for the bottom cladding layer, the core consists of a 2.4 µm layer of Cyclotene TM (BCB), the upper cladding is air, the width W of the multimode section is 18 µm, the width of the access waveguide is 3 µm, and the centers of access waveguides are placed at ± 7.5 µm from the center of the multimode section. The refractive indices of BCB at 1.31/1.55 µm can be found in [16] . Subsequent CGPH design and BPM simulations are performed on the 2D structure obtained from the 3D structure using the effective index method. For the TE polarization at 1.55 µm, we use the BPM simulation to find the first selfimaging length and set it as the length of the multimode section length L = 2720 µm [ Fig. 2(a) ]. Next, we calculate the CGPH that images the 1.31 µm input to the cross output port. The 1.31 µm optical field E 1 (z) do not image at L [ Fig. 2(b) ], and we wish to transform E 1 (z) to an optical field E 2 (z) which images to the cross output port. E 2 (z) is obtained by taking the conjugate of the mirrored image of E 1 (L) and using it as the input to the multimode waveguide. Because E 2 (0) is the phase conjugate replica of the mirrored image of E 1 (L), we expect E 2 (L) to form an image at the cross output port. This is verified by the BPM simulation shown in Fig. 3 . Here, we explain the design of a CGPH that diffract the E 1 input field to the E 2 field, which images to the cross output port. In the MMI without the CGPH, the fields E 1 and E 2 obey the wave equation
where ε = ε 0 n 0 2 , and n 0 is the refractive index profile of the unperturbed waveguide. Using modal expansion, E 1 and E 2 can be written using the superposition of the unperturbed waveguide modes as ( )
where N is the number of modes, c's are the modal amplitudes, φ's represent the modal profiles, and β's are the propagation constants. The CGPH is generated by calculating the interference pattern of E 1 (z) [ Fig. 2(b) ] and E 2 (z) (Fig. 3 ) as
which is shown in Fig. 4 . The interference pattern in Fig. 4 is then normalized to a maximum index perturbation ∆n and used as a perturbation to the effective index of the multimode waveguide. The CGPH can thus be written using Eq. (3) and Eq. (4) as ( ) 
which can be viewed as multiplexed long-period gratings coupling modes m and n. Writing the total field in the CGPH aided MMI as E 1 + E 2 and substituting into the wave Eq. (2) along with the index perturbation described by Eq. (5), we can obtain the following coupled equations by collecting the synchronous terms [17] 1 2
where the coupling coefficient κ is proportional to ∆n. By solving Eq. (6), we obtain the diffraction efficiency of To find the optimal index perturbation, we monitor the cross and bar port outputs as a function of ∆n using 1.31 µm as the input. As shown in Fig. 5 , the cross port output varies in a sinusoidal manner with ∆n as indicated by Eq. (7). The result is not exactly described by Eq. (7) since we monitor the power at the cross output port rather than |E 2 (L)| 2 . From Fig. 5 , we find that the optimal ∆n to image the 1.31 µm input to the cross output port is 1.4 × 10
, and the corresponding field intensity simulation is shown in Fig. 6(a) . With the properly designed CGPH, the 1.31 µm input is imaged to the cross output port. As shown in Eq. (5), the CGPH has wavelength selectivity since the grating periods designed for 1.31 µm would not satisfy the phase matching conditions at 1.55 µm. Figure 6(b) shows the field intensity simulation of the same CGPH aided MMI with 1.55 µm input. The CGPH has little effect on its selfimaging property as expected. The CGPH loaded MMI can thus be used to demultiplex 1.31 and 1.55 µm. In the subsequent analysis, a ∆n of 1.4 × 10 −3 is used to evaluate the performance of the proposed wavelength demultiplexer. 
Performance analysis and conclusion
The performance of wavelength demultiplexers can be characterized by contrast in the output ports. We define the contrast as −10 log(P cross /P bar ), where P bar and P cross are the output power at the bar and cross ports, respectively. The BPM simulation results with a input wavelength variation from 1.20 to 1.60 µm are shown in Fig. 7 . Without the CGPH (dashed line), a dip at 1.55 µm corresponds to the SI to the bar output port as determined by the MMI geometry. However, since the length is chosen arbitrarily, the contrast at 1.31 µm is very poor. With the properly designed CGPH, we observe a peak at the CGPH design wavelength of 1.31 µm. When the input wavelength deviates from the targeted wavelengths, the contrast degrades due to changes in the MMI imaging length and detunings from the CGPH design wavelength. At 1.55 µm, the peak contrast is slightly degraded due to the small effect of the CGPH. The CGPH biases the core refractive index by ∆n, which causes a small shift of the beat length at 1.55 µm. The degradation of contrast at 1.55 µm could partly be attributed to this effect. Across the investigated spectral range, the MMI basically retains its spectral response except for the peak at 1.31 µm induced by the CGPH. Using the conventional approach, we have estimated that the MMI demultiplexer length needs to be three times the current device length of 2720 µm in order to be at a mirror image length for 1.31 µm. The proposed approach offers more flexibility in device geometry without sacrificing the compactness of the device. Further reduction of the device length to the first mirror image length for 1.55 µm is feasible provided that the amount of index modulation could be increased to obtain maximum diffraction efficiency in Eq. (7). In conclusion, we have proposed a MMI wavelength demultiplexer aided by the CGPH. Unlike conventional MMI demultiplexers, the device width and length are not limited to specific values as determined by the self-imaging properties. Using a design example, the design procedure for the CGPH is illustrated. BPM simulations are used to design the demultiplexer and analyze its performance. The same design principle can be applied to demultiplexers for different wavelengths.
